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the information-processing strategies of early-implanted,
prelingually deaf cochlear implant (CI) users with the
California Verbal Learning Test–Second Edition (CVLT-II;
Delis, Kramer, Kaplan, & Ober, 2000), a well-established
normed measure of verbal learning and memory used in
neuropsychological assessments of memory loss.
Method: Verbal learning and memory skills were compared
in 20 older adolescent and young adult prelingually deaf
long-term early-implanted CI users and their 24 normal
hearing (NH) peers using the CVLT-II, a widely used multitrial
free recall test of verbal learning and memory.
Results: On average, CI users recalled fewer words than their
NH peers across the immediate, delayed, and cued recall
trials of the CVLT-II but were comparable to their NH peers
on yes/no recognition memory. CI users showed little
evidence of semantic clustering of words during free recall
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were found in verbal memory between CI users and their
NH peers on measures of retroactive interference and
encoding/retrieval interactions. Performance on the 2nd word
list of the CVLT-II (List B) and amount of semantic clustering
of words during recall were correlated with sentence
recognition in the CI group.
Conclusion: Study findings demonstrate significant differences
in free recall performance and information-processing strategies
that early-implanted, prelingually deaf CI users use to encode,
organize, store, and retrieve spoken words in conventional
verbal list learning paradigms, compared to their NH peers.
Because verbal learning and memory are core foundational
processes routinely used in daily functioning for a wide
range of neurocognitive and language processing operations,
these findings suggest potential domains for assessment
and novel interventions to promote the development of
optimal outcomes in prelingually deaf early-implanted long-
term CI users.Cochlear implants (CIs) are surgically implanteddevices that are designed to restore the sense ofhearing in profoundly deaf individuals who have
severe-to-profound sensorineural hearing loss. CIs are now
routinely used as a medical intervention to treat children
and adults with profound sensorineural hearing loss and
are considered “one of the great success stories of modern
medicine” (Wilson, Dorman, Woldorff, & Tucci, 2011).However, the coarsely coded sensory representations of
sound transmitted by CIs to the auditory nerve result in
only partial hearing restoration, providing listeners with
compromised and degraded acoustic information about the
signal. After implantation, almost all patients need a period
of perceptual adaptation and auditory rehabilitation to hear
(i.e., detect and discriminate) and process (i.e., recognize,
identify, and categorize) underspecified acoustic–phonetic
information encoded in the degraded signal. Following
adaptation and a period of auditory rehabilitation, many
deaf and hard-of-hearing patients are able to achieve sub-
stantial benefits from their implants to perceive speech,
understand spoken language, and recognize natural environ-
mental sounds.
Although CIs often work very well for many patients,
CIs do not provide equivalent benefits for all candidates
who receive them, and enormous individual differences and
variability in outcomes and benefit following implantation
are routinely reported in the literature (Niparko et al., 2010;Disclosure: The authors have declared that no competing interests existed at the time
of publication.
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Pisoni, Cleary, Geers, & Tobey, 1999). Conventional demo-
graphic, hearing history, and device factors such as the age
of implantation, audiologic variables, and device parameters
have been extensively studied in the past and account for
some of this variability (Niparko et al., 2012; Young & Kirk,
2016). Recently, cognitive processes involving sequence
learning, short-term memory capacity, and working mem-
ory dynamics have been found to account for a significant
portion of the additional unexplained variance (Conway,
Pisoni, & Kronenberger, 2009; Heydebrand, Hale, Potts,
Gotter, & Skinner, 2007; Holden et al., 2013; Pisoni &
Cleary, 2003; Pisoni & Geers, 2000). These findings sug-
gest that it is not just the ability to encode and recognize
auditory signals but also downstream neurocognitive pro-
cessing operations that involve organization, learning, and
retrieval of verbal information from both short- and long-
term memory that influence speech and language outcomes.
An extensively investigated subdomain of neuro-
cognitive functioning in prelingually deaf adolescents and
young adults with CIs has been verbal short-term and
working memory (Nittrouer, Caldwell-Tarr, & Lowenstein,
2013; Pisoni, Kronenberger, Roman, & Geers, 2011).
Verbal short-term memory consists of immediate memory
for words, which is held in a phonological loop (Baddeley,
2012), whereas verbal working memory reflects mainte-
nance of information in memory while other cognitive pro-
cessing demands are present (Engle, Tuholski, Laughlin,
& Conway, 1999). The presence of concurrent processing
demands requires that the individual to actively allocate
cognitive resources using executive functioning (EF;
Diamond, 2013). Processing the degraded, underspecified
input of speech signals provided by a CI presents addi-
tional processing demands beyond those necessary for nor-
mal hearing (NH). Thus, for CI users, verbal short-term
memory tasks include a significant working memory com-
ponent. Studies of verbal working memory in CI users
have found deficits relative to their NH peers (Kronenberger,
Colson, Henning, & Pisoni, 2014; Nittrouer et al., 2013;
Pisoni et al., 2011). Although most of the current research
on verbal memory in CI users has used working memory
span tasks, other components of verbal memory have not
been investigated. One such paradigm for investigating other
components of verbal memory and learning processes in
clinical populations is the multitrial free recall paradigm
(Delis, Kramer, Kaplan, & Ober, 1994, 2000).
In a multitrial free recall paradigm, the participant is
presented with repeated exposures to a study word list and
then asked to recall words from the list in any order after
each trial (Delis et al., 2000). Subsequent trials introduce a
new word list to assess proactive interference (PI; effects
of earlier learned information interfering with memory of
later information), followed by recall of the original word
list to evaluate retroactive interference (RI; effects of later
learned information interfering with earlier memory). Mea-
sures of cued recall, delayed recall, and recognition memory
are also used to investigate long-term memory, storage,
and retrieval and to assess the benefits of retrieval cues
that facilitate recall. Verbal learning and memory skills are1034 Journal of Speech, Language, and Hearing Research • Vol. 62 •critically important in everyday daily functioning because
they are routinely used in a wide range of spoken lan-
guage processing tasks involving both receptive and ex-
pressive skills.
At the present time, there are no studies that have in-
vestigated verbal learning and memory in prelingually deaf,
long-term adolescent and young adult CI users who expe-
rienced a period of deafness prior to cochlear implanta-
tion at an early age in childhood. These prelingually deaf,
CI users acquired their first language using compromised
and degraded auditory input from a CI, after a period of
early sensory auditory deprivation and reduced exposure
to spoken language. In this study, we used the California
Verbal Learning Test–Second Edition (CVLT-II; Delis et al.,
2000), a normed, standardized neuropsychological test of
multitrial verbal learning and memory, to study the effects
of early auditory deprivation, delayed language acquisi-
tion, and sparsely coded auditory input from a CI on the
verbal learning and memory processes of early-implanted,
prelingually deaf adolescents and young adults that used
CIs for at least 13 years (and an average of 17.79 years;
see Table 1). In order to better understand the associa-
tion between speech perception outcomes and verbal
learning and memory, we also investigated associations
between measures of verbal learning and memory ob-
tained from the CVLT-II and sentence recognition skills
in CI users.
Heydebrand et al. (2007) administered a nonstandard
version of the CVLT-II with simultaneous visual (printed
words) and live voice auditory presentation of the test lists
before implantation to a group of 33 postlingually deaf
adults who were candidates for cochlear implantation. They
found that verbal learning, as measured by a composite
free recall score based on four CVLT-II subscores, was a
strong predictor (42% of variance) of monosyllabic word
recognition scores postimplantation after controlling for
speech recognition before implantation. Their findings sug-
gest that several core components of verbal learning and
memory may play a central role in speech and language
outcomes because they share common variance with other
information-processing tasks used to measure speech rec-
ognition and spoken language understanding. In a second
follow-up study with a larger sample, Holden et al. (2013)
studied 114 postlingually deaf adult CI users and also found
correlations between a CVLT-II composite free recall score
and monosyllabic word recognition measured at various
intervals postimplantation.
Other than these two studies on postlingually deaf
adults with CIs by Heydebrand et al. (2007) and Holden
et al. (2013) using the CVLT-II, all of the prior memory
research with prelingually deaf, early-implanted long-term
CI users has been carried out on short-term memory ca-
pacity and working memory dynamics (i.e., processes that
involve scanning and retrieving the contents of verbal
short-term memory, verbal rehearsal speed, and encoding
speed) using measures of immediate memory span. The
initial interest in short-term memory and working mem-
ory is based on the hypothesis that verbal processing of1033–1050 • April 2019
Table 1. Sample characteristics.
Study measures
CI sample (n = 20) NH sample (n = 24)
t pM (SD) Range M (SD) Range
Demographics and hearing history
Chronological agea 21.94 (3.77) 16.74–29.97 22.49 (2.88) 17.4–29.28 −0.54 .59
Age at implantationb 49.68 (20.94) 18.66–75.76 n/a — — — —
Duration of CI usea 17.8 (3.14) 13.8–24.5 n/a — — — —
Age of onset of deafnessb 6.85 (11.15) 0–36 n/a — — — —
Preimplant PTAc 109.45 (10.15) 85–118.43 n/a — — — —
Communication moded 4.75 (0.79) — n/a (NH) — — — —
Income levele 6.39 (2.75) 1–10 6.83 (2.85) 1–10 −0.65 .52
(2 Unknown)
Nonverbal intelligencef 100.35 (11.82) 85–120 106.25 −9.65 78–120 −1.79 .08
Sex (female/male) 9/11 — — 8/16 — — — —
Sentence recognition
Harvard-S 53.7 (30.28) 0–91 97.88 (1.54) 95–100 −6.52 < .01
Harvard-A 32.9 (22.25) 0–72 91.88 (3.86) 84–100 −11.71 < .01
PRESTO 39.3 (27.35) 0–78 97.75 (1.59) 94–100 −9.54 < .01
PRESTO-FAE 24.55 (18) 0–57 84.42 (5.05) 72–93 −14.41 < .01
Note. CI = cochlear implant; NH = normal hearing; Harvard-S = Harvard Standard Sentences Test; Harvard-A = Harvard Anomalous
Sentences Test; PRESTO = Perceptually Robust English Sentence Test Open-Set; PRESTO-FAE = PRESTO–Foreign-Accented English.
aIn years. bIn months. cPTA = preimplant unaided pure-tone average for frequencies 500, 1000, and 2000 Hz in dB HL. dCommunication mode
coded mostly sign (1) to auditory-verbal (6), (Geers & Brenner, 2003). eOn a 1 (under $5,500) to 10 ($95,000+) scale (Kronenberger, Pisoni,
Henning, & Colson, 2013). fComprehensive Test of Nonverbal Intelligence–Second Edition Geometric Nonverbal IQ Composite Index (normed
standard score).coarsely coded underspecified phonological and lexical
representations of words in long-term memory taxes con-
trolled attention and working memory capacity and that
CI users are at risk for delays and disturbances in subdo-
mains of EF, including controlled attention (Pisoni &
Cleary, 2004).
In an early study, Pisoni and Geers (2000) reported
that the auditory digit spans of pediatric CI users were sig-
nificantly shorter than age-matched NH controls and were
strongly correlated with several behavioral tasks that mea-
sured spoken word recognition, speech production, spoken
language comprehension, and reading. These initial find-
ings were replicated and extended by Pisoni and Cleary
(2003) using a much larger sample of pediatric CI users.
Even after controlling for confounding demographic vari-
ables, Pisoni and Cleary found that pediatric CI users
consistently performed worse on both forward and back-
ward digit span tasks than age-matched NH controls.
Further converging support for these initial proposals about
the role of verbal short-term and working memory dynam-
ics was reported by Burkholder and Pisoni (2003), who
also found shorter digit spans along with slower articula-
tion rates in CI users. They attributed these additional find-
ings to reduced speed of subvocal verbal rehearsal and slower
memory scanning (i.e., retrieval) of spoken digits in verbal
short-term memory due to the absence of early auditory ex-
perience before implantation (see also Cowan et al., 1998).
The earlier studies carried out by Heydebrand et al.
(2007) and Holden et al. (2013) provided new information
about verbal learning and memory in adult postlingually
deaf CI users, adding to previous findings showing delayedChandramouli et al.:verbal short-term memory and working memory in pre-
lingually deaf, early-implanted child CI users. Findings link-
ing measures of verbal learning and memory with speech
perception following implantation further established the
critical importance of these core foundational cognitive
domains for understanding differences in outcomes after
implantation. However, both of these studies of verbal
learning and memory used postlingually deaf adults who
were implanted late in adulthood and the authors reported
only a global composite measure of CVLT-II performance,
as opposed to specific subscores from the CVLT-II that could
be a rich source of additional information about the core
processes underlying verbal learning and memory in this
clinical population. The CVLT-II incorporates several foun-
dational principles from cognitive psychology and cognitive
science to measure different memory and learning processes
during verbal list learning (Delis et al., 2000). Examples of
the kinds of measures that the CVLT-II can provide in-
clude not only global measures of immediate, short-term,
and long-term delayed and cued free recall but also mea-
sures of recognition memory, interference effects, and learn-
ing strategies (i.e., semantic vs. serial clustering), as well as
several methods to assess the interaction of encoding versus
retrieval processes in this well-defined information-processing
task (Atkinson & Shiffrin, 1968).
One of the strongest predictors of speech and lan-
guage outcomes following implantation is whether hearing
loss and implantation occurred before or after language
was acquired (Dawson et al., 1992; Niparko et al., 2012;
Zwolan, Kileny, & Telian, 1996). Unlike prior CVLT-II
research, which studied postlingually deaf adults with CIs,Memory in Prelingually Deaf Adolescent and Adult CI Users 1035
the focus of the current study was on the verbal learning
and memory skills of prelingually deaf adolescent and
young adult CI users compared to their NH peers who did
not differ on nonverbal IQ. Based on earlier studies of
CI users, we expected to see reduced overall number of
words recalled on the CVLT-II.
Furthermore, it is important to understand factors
that might explain individual differences in verbal learning
and memory skills in CI users. Prior research has demon-
strated associations between speech perception skills and
component processes of verbal working memory in CI users
(Kronenberger, Colson, et al., 2014). These associations
occur because speech recognition processes are assumed to
make use of the same elementary processes of encoding,
storage, and retrieval that are involved in free recall tasks.
We therefore expected to find associations in the sample of
CI users between several of the CVLT-II measures of ver-
bal learning and memory and speech perception skills, as
measured by sentence recognition tests.Method
Participants
Participants were 20 prelingually deaf adolescent and
young adult CI users (16 with unilateral implants and four
with bilateral implants) and their 24 NH peers who met the
following inclusion criteria.
Inclusionary criteria for the CI sample were as follows:
1. severe-to-profound hearing loss (> 70 dB HL) prior
to 3 years of age;
2. cochlear implantation prior to 7 years of age;
3. use of CI for 7 years or more;
4. use of a modern, multichannel CI system; and
5. enrolled in a rehabilitative program (either currently
or in the past) that encourages the development of
listening and spoken language skills.
Inclusionary criteria for both the CI and NH samples
were as follows:
1. age of 16 years or older,
2. English-speaking household,
3. no other neurological or neurodevelopmental disorders
or delays documented in chart or reported by par-
ents, and
4. nonverbal IQ of > 70 as measured by the Compre-
hensive Test of Nonverbal Intelligence–Second Edition
(Hammill, Pearson, & Lee Wiederholt, 2009) Geo-
metric Scale (nonverbal IQ composite).
The demographic information for both groups is pre-
sented in Table 1. The CI and NH samples did not differ
on age or nonverbal IQ as measured by the Comprehensive
Test of Nonverbal Intelligence–Second Edition (Hammill
et al., 2009). In the CI sample, etiology of hearing loss
was as follows: unknown, n = 14; meningitis, n = 5;1036 Journal of Speech, Language, and Hearing Research • Vol. 62 •familial/genetic (where at least one other family member
had hearing loss, of unknown etiology), n = 1. Partici-
pants were paid $20/hr. All participants were native speakers
of English and had no other developmental or cognitive
problems at the time of testing.Measures
CVLT-II
The CVLT-II is a well-known neuropsychological
test of multitrial verbal free and cued recall and learning
using categorized word lists (Delis et al., 2000). The CVLT-II
provides a number of scores that assess recall and recogni-
tion of two lists of words. List A consists of 16 unique
words, with four words selected from each of four semantic
categories (furniture, vegetables, ways of traveling, animals).
The second list, List B, also has 16 unique words that do
not overlap with any of the words on List A. The words
on List B were also selected from four semantic categories
(musical instruments, animals, vegetables, and rooms of a
house). Two of the semantic categories overlapped with the
categories used for List A (animals and vegetables), and two
of the semantic categories were novel (musical instruments
and rooms of a house).
The first five trials in the CVLT-II protocol followed
a multitrial free recall paradigm: On each trial, the words
on List A are read aloud to subjects in the same order by
an examiner. Immediately following each presentation of
List A, subjects are asked to verbally report as many items
from List A as they can without any constraint on the
order in which they recall the study items. The examiner
records all responses on a response sheet, including intru-
sions of items from outside the study list and any repeti-
tions of previously recalled words. In this article, we refer
to the first five trials as the “List A learning trials.” The
sixth trial on the CVLT-II is the “interference trial,” which
uses a new set of words on List B. There is only one pre-
sentation of List B. Immediately following the presentation
of List B, subjects are asked to freely recall items from this
list. After the interference trial, there is a free recall trial
of List A items. Subjects are not presented with List A
again on this trial but are instead asked to freely recall from
memory all of the items on List A that they were presented
with during the five learning trials. This recall trial is referred
to as the short-delay free recall (SDFR) trial because it is
used to measure recall of items from List A after a short
delay period during which List B was presented. The SDFR
trial is then followed by four cued recall trials, which form
the short-delay cued recall (SDCR) phase. On each cued re-
call trial, one of the four semantic categories of List A is
provided as a retrieval cue for recall of items on List A from
that category. There is then a 20-min long delay period during
which subjects were actively engaged in a nonverbal task in
this study. After the 20-min delay, the previous two recall
phases are repeated again in the form of the long-delay free
recall (LDFR) trial and long-delay cued recall (LDCR) trial
of List A. Finally, a yes/no recognition memory test is
conducted with the 16 List A items serving as targets. The1033–1050 • April 2019
32 foils in the recognition test consist of the 16 List B items
and 16 novel items of which eight share semantic categories
with List A and eight do not. We also added a final audi-
tory identification task for all the items from Lists A and
B in which subjects simply repeat each of the test words af-
ter the examiner said them aloud to ensure that all of the test
words on the lists were recognized and correctly identified.
The CVLT-II protocol allows us to calculate a vari-
ety of measures of verbal learning and memory based on
the data gathered from the tasks outlined above. These
measures included not only the raw scores indicating the
performance on each of the recall trials and the recognition
memory component of the task but also secondary mea-
sures that assessed the extent to which participants organize
a list of words serially or semantically. The CVLT-II mea-
sures are described briefly in Table 2 and also elaborated
on in greater detail in the Results section. The raw and norm-
based scores (based on a nationally representative norma-
tive sample) of the measures summarized in Table 2 were
obtained from the CVLT-II software provided by the test
developer or were calculated as described in the manual
(Delis et al., 2000). We used raw scores from the CVLT-II
measures for all the group comparisons and correlations;
the only exception was the “contrast measure” that wasTable 2. California Verbal Learning Test–Second Edition (CVLT-II) scores a
Score
List A Trial N Number of words correctly re
where N = 1–5
List A Trials 1–5 Total number of words recalle
List B Number of words correctly re
“interference list”
Short-delay free recall (SDFR) Immediately after List B recal
this trial or for the remaind
Short-delay cued recall (SDCR) Immediately after SDFR, num
each of the four semantic
List A as retrieval cues
Long-delay free recall (LDFR) Following a 20-min delay afte
Long-delay cued recall (LDCR) Immediately after LDFR, num
each of the four semantic
List A as retrieval cues
Long-delay recognition Immediately after LDCR, perc
list of 48 words (16 List A w
Primacy recall Percentage of the first four w
this measure differs from t
Recency recall Percentage of the last four wo
this differs from the metho
Serial clustering For each trial, the chance adj
difference between observ
(i.e., in either forward or ba
would be recalled in the sa
due to chance alone; the o
is the mean of the clusterin
Semantic clustering Chance-adjusted score for re
by taking the difference be
that were recalled by a par
the same semantic catego
Intrusions Words recalled by the subjec
Recall consistency Percentage of words recalled
recalled on the previous tri
Chandramouli et al.:used to compare performance on recognition and recall
performance, which was based on normed z scores.
Sentence Recognition Measures
Four sentence recognition tests were completed by
subjects in order to obtain measures of speech perception
under challenging listening conditions. For the Harvard
Standard Sentences Test (Harvard-S), participants repeated
28 semantically complex, meaningful sentences selected
from the Institute of Electrical and Electronics Engineers
(IEEE) corpus, a standard database of sentences used for
speech intelligibility testing (Egan, 1948; IEEE, 1969). Sen-
tences were produced in the quiet by one male talker and
consisted of six to 10 words with five key words per sentence
(e.g., “The boy was there when the sun rose”). The Harvard
Anomalous Sentences Test (Harvard-A) is similar to the
Harvard-S, except that the sentences lacked semantic coher-
ence (see Herman & Pisoni, 2003; Loebach & Pisoni,
2008). Participants repeated 28 semantically meaningless
but grammatically correct sentences modified from the IEEE
corpus. Sentences were produced in the quiet by one male
talker and consisted of five to 10 words with five key
words per sentence (e.g., “These dice bend in a hot desk”).
The Perceptually Robust English Sentence Test Open-Setnd descriptions.
Description
called on free recall trials following the Nth exposure to List A,
d across all five List A learning trials
called in free recall following one exposure to List B, the
l, number of List A words recalled (List A is not read again for
er of the test)
ber of List A words recalled when the subject is provided with
categories (furniture, vegetables, ways of traveling, animals) for
r SDCR, number of List A words recalled
ber of List A words recalled when the subject is provided with
categories (furniture, vegetables, ways of traveling, animals) for
entage of words identified accurately as List A words from a
ords, 16 List B words, and 16 distractor words)
ords on the list that are recalled on a trial or set of trials (note that
he method of calculating primacy recall in the CVLT-II manual)
rds on the list that are recalled on a trial or set of trials (note that
d of calculating recency recall in the CVLT-II manual)
usted bidirectional serial clustering index is obtained by taking the
ed number of word pairs recalled that were presented together
ckward direction) on the trial and the number of word pairs that
me order as presented (i.e., in either forward or backward direction)
verall chance-adjusted semantic clustering index for a participant
g indices computed over List A Trials 1–5
call clustering based on semantic category is obtained for each trial
tween observed number of words from the same semantic category
ticipant in serial contiguity and the expected number of words from
ry that would occur in serial contiguity due to chance alone
t that were not part of the study list
correctly on any of the List A Trials 2–5 that were also correctly
al
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(PRESTO) consists of 18 sentences selected from the well-
established Texas Instruments–Massachusetts Institute of
Technology speech recognition database (Garofolo, Lamel,
Fisher, Fiscus, & Pallett, 1993). Each sentence was spoken
by a different male or female talker from one of six regional
U.S. dialects (Clopper & Pisoni, 2005). The PRESTO re-
quires listeners to rapidly adapt to changes in the vocal
sound source (Gilbert, Tamati, & Pisoni, 2013; Tamati,
Gilbert, & Pisoni, 2013). Finally, the PRESTO–Foreign-
Accented English (PRESTO-FAE) is a new version of
PRESTO in which all of the test sentences were read by
nonnative English speakers who differed in degree of foreign
accent (Tamati & Pisoni, 2015). The 14 sentences selected for
the PRESTO-FAE were drawn from the Speech Perception
in Noise Test (SPIN) developed by Kalikow, Stevens, and
Elliott (1977). Because perception of sentences spoken by
talkers with unfamiliar nonnative accents can be very chal-
lenging even for NH native English speakers, it was antici-
pated that PRESTO-FAE would not show any ceiling effects
in the NH group, allowing for adequate variability in sentence
recognition scores in that group (Tamati & Pisoni, 2015). For
all four sentence recognition tests, scores were number of key
words correctly repeated from each sentence.Procedure
Study procedures were approved by the university in-
stitutional review board. Written consent and assent were
obtained from all participants prior to initiating study pro-
cedures. Participants were tested in a single session and
were administered the CVLT-II and sentence recognition
tests (Harvard-S, Harvard-A, PRESTO, and PRESTO-FAE)
using standard verbal instructions. Sentence recognition tests
were presented to all subjects in the quiet at 65 decibels
using a high-quality loudspeaker located approximately
3 ft from the subject. CVLT-II words were presented live
voice by the examiner as described in the administration
manual (Delis et al., 2000). All tests were administered
by two licensed and highly experienced speech-language
pathologists who had worked extensively with deaf and
hard-of-hearing children and young adults.Results
List Learning (Immediate Free Recall of List A
Trials 1–5)
Figure 1 and Table 3 present the total number of
items correctly recalled on each trial. In Figure 1, recall
performance is shown by the five pairs of vertical bars,
labeled A1, A2, …, A5 in the figure. The results for prelin-
gually deaf CI users for each trial are shown in light gray–
colored bars, whereas the NH controls are represented by
the dark gray bars. NH controls recalled more items cor-
rectly than CI users on each of the five learning trials of
the CVLT-II. Both groups also showed evidence of repetition-
based learning, which is reflected by the progressive increase
in the number of words correctly recalled on successive1038 Journal of Speech, Language, and Hearing Research • Vol. 62 •study trials. Statistical assessment of the free recall perfor-
mance across the five learning trials was done using a 2 × 5
mixed analysis of variance (ANOVA) with group (CI vs.
NH) as a between-subjects factor and study trials (Trials
A1–A5) as a within-subject factor. The number of words
recalled per trial was the dependent variable. Significant
main effects were found for group, F(1, 42) = 8.65, p < .01,
and study trials, F(4, 168) = 175.67, p < .001; the interaction
of Group × Study Trials was not significant, F(4, 168) =
0.153, p = .96. These initial findings indicate that NH sub-
jects recalled more words than CI users after each study trial,
that both groups recalled more words for later study trials,
and that the rate of learning for the NH controls and CI
users was comparable. Results from the t tests for each of
these trials are reported in Table 3.
List B (PI) and List A Short-Delay Recall (RI)
On the immediate free recall of List B items shown
in Figure 1, CI users also performed more poorly in com-
parison to the NH controls (t = −2.367, p = .023). Similar
findings were also observed for the SDFR (t = −2.672,
p = .011) and SDCR (t = −2.14, p = .038) trials. The free
recall scores obtained from List B and SDFR of List A
items are used to compute measures of PI and RI, respec-
tively, as follows.
PI (List B)
PI is the tendency of previously learned words to
interfere with subsequent learning of new words. In the
CVLT-II, this measure is reflected by the detrimental effects
of the five List A learning trials on List B free recall. PI is
calculated by comparing the number of items recalled
during List B with the number of items recalled from
List A Trial 1. We tested this difference by first conducting
two 1-sample t tests on the difference scores. Neither the
CI group (mean difference = −0.3, t = −0.63, p = .53)
nor the NH group (mean difference = −0.41, t = −0.816,
p = .423) showed any evidence of PI by this method. Second,
we performed a t test between the PI scores as reported by
the CVLT-II scoring program (calculated as percent reduc-
tion on recall of List B compared to List A Trial 1) for
the two groups, which also showed no significant differ-
ences (t = 0.417, p = .680).
A third analysis method involved the comparison of
recall for words from List A and List B that were from the
same semantic category with recall of words that were from
different semantic categories. For example, words such as
spinach and cucumber both come from the shared category
(i.e., vegetables), and words such as patio and saxophone
come from different nonshared semantic categories. In ty-
pically developing individuals, PI is more likely to affect
recall of items from shared semantic categories because of
the buildup of semantic interference, whereas PI is less likely
to affect recall of items from nonshared semantic catego-
ries; this latter effect is called “release from PI” (Kramer &
Delis, 1991). Figure 2 displays the number of shared and
nonshared category words recalled from List A Trial 1 and1033–1050 • April 2019
Figure 1. Number of items recalled across all the California Verbal Learning Test–Second Edition recall trials (five
immediate free recall trials on List A, one immediate free recall trial on List B, short-delay free and cued recall
trials, long-delay free and cued recall trials). CI = cochlear implant.List B. Inspection of this figure shows that NH participants
displayed the expected decline in words recalled from List B
that are from shared categories with List A (PI) and the
expected absence of decline (i.e., release from PI) for words
recalled from List B that are from categories not shared with
List A. In contrast, CI users showed little change in theTable 3. California Verbal Learning Test–Second Edition (CV
Measures CI sample, M (SD) N
List A Trial 1 5.55 (1.47)
List A Trial 2 8.40 (2.35)
List A Trial 3 10.55 (2.65)
List A Trial 4 12.05 (2.72)
List A Trial 5 11.85 (2.72)
List A Trials (1–5) 48.4 (10.26)
List B free recall 5.25 (1.83 )
List A short-delay free recallb 9.7 (12.04)
List A short-delay cued recallb 10.6 (2.26)
List A long-delay free recallb 10.75 (3.31)
List A long-delay cued recallb 10.80 (2.46)
List A long-delay recognition 3.26 (0.81)
Primacy, List A Trials 1–5 31.60 (3.95)
Recency, List A Trials 1–5 24.95 (6.46)
Semantic cluster ratioc −0.14 (0.78)
Serial cluster ratioc 1.25 (1.25)
Hearing validity scales
List A auditory accuracyd 15.85 (0.67)
List B auditory accuracyd 15.55 (1.35)
Note. df for t tests: *p < .05, **p < .01, ***p < .001. CI = coc
aWelch t statistic (Delacre, Lakens, & Leys, 2017). bRaw scores,
observed and expected chance contiguous recall clustering bas
word in the list. dNumber of words from the list accurately repe
Chandramouli et al.:number of List B words recalled compared to List A words
recalled from shared or nonshared semantic categories.
For each group, we performed a 2 (shared vs. non-
shared semantic categories) × 2 (List A Trial 1 vs. List B)
repeated-measures ANOVA using list and shared catego-
ries as within factors and the number of words recalledLT-II) scores by sample.
H sample, M (SD) ta df p
7.04 (1.60) −3.22 41.58 .002**
10.08 (2.29) −2.40 40.14 .021**
12.46 (2.25) −2.55 37.5 .015**
13.63 (1.86) −2.19 32.58 .035**
13.42 (2.06) −2.12 34.94 .041**
56.63 (8.29) −2.89 36.4 .007**
6.63 (2.02) −2.37 41.66 .023**
12.04 (2.46) −2.67 35.14 .011**
12.21 (2.65) −2.14 42 .038**
11.96 (2.93) −1.27 38.39 .211
12.67 (2.75) −2.38 41.75 .022**
3.42 (0.68) −0.73 37.06 .472
27.58 (3.15) 3.68 36.07 < .001
28.21 (5.69 ) −1.76 38.28 .087
1.40 (1.56) −4.24 35.05 < .001
0.94 (0.81) −4.24 35.05 < .001
16 −1 19 .33
16 −1.48 19 .15
hlear implant; NH = normal hearing.
based on number of items recalled. cDifference between
ed on shared semantic category or serial position of
ated immediately after spoken by examiner (max = 16).
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Figure 2. Proactive interference assessment: number of words from shared and nonshared categories that were
recalled on List A Trial 1 and List B. Eight of the presented words on List B were from shared semantic categories,
whereas the other eight words were from nonshared semantic categories. Cochlear implant users are shown in the
left panel, and normal hearing controls are shown in the right panel.as the dependent variable. For the NH group, we ob-
served a significant interaction of Shared Categories × List,
F(1, 23) = 5.662, p = .026. For the CI group, however, none
of the main effects or interactions reached significance. The
NH group performed worse on shared items in List B due to
a buildup of PI and better on the nonshared items due to re-
lease from PI, whereas the CI group did not show any effects
due to shared semantic categories of words on List B.RI (SDFR)
RI refers to the presence of forgetting that occurs when
the learning of new words reduces the ability to recall
previously learned words. To assess the presence of RI in
the CVLT-II, performance on recall of items from the List
A SDFR task was compared to recall of items from List A
Trial 5 to evaluate the interfering effects of List B on items
that were recalled on List A Trial 5. Results of a 2 (CI vs.
NH) × 2 (List A Trial 5 vs. List A SDFR) × 2 (shared vs.
nonshared categories—e.g., whether the List A category
was one that was shared with List B or not) mixed ANOVA
with words recalled as the dependent variable revealed that
both groups displayed the expected RI decline (List A
Trial 5 vs. List A SDFR effect), F(1, 42) = 19.56, p < .001.
However, there was no significant Group × Trial, F(1, 42) =
0.739, p < .001, or Group × Trial × Shared Semantic Cat-
egory interaction, F(1, 42) = 1.89, p = .176, indicating no
differences in the amount of retroactive interaction ob-
tained between the two groups. A t test between the RI1040 Journal of Speech, Language, and Hearing Research • Vol. 62 •scores, as reported by the CVLT-II (calculated as percent
reduction on recall of SDFR compared to List A Trial 5)
for the two groups, also showed no significant differences
between the groups (t = −0.582, p = .566). We also performed
separate 2 (List A Trial 5 vs. List A SDFR) × 2 (shared
vs. nonshared) repeated-measures ANOVAs for the CI and
NH groups to test for differences between recall of shared
and nonshared items. We found a main effect of trial, CI:
F(1, 19) = 7.488, p = .013; NH: F(1, 23) = 16.828, p < .001,
but no significant interaction between trial and shared
versus nonshared categories, CI: F(1, 19) = 0.826, p = .375;
NH: F(1, 23) = 0.189, p = .668. Hence, RI resulted in a de-
cline in words recalled on the short-delay trial (caused by the
intervening List B), but this decline did not differ by group
or shared versus nonshared semantic category.
Long-Delay Recall Trials
There was no significant difference between CI and
NH samples in the number of words recalled on the List A
LDFR trial (t = −1.271, p = .211), but there was a differ-
ence in the LDCR trial (t = −2.376, p = .022) between the
CI and NH groups. A 2 × 2 mixed ANOVA with group
(CI vs. NH) as the between factor and trial (SDFR vs.
LDFR) as the within factor was used to compare perfor-
mance on LDFR and SDFR trials to evaluate the effects
of delay on memory. We found a significant interaction
in this analysis, indicating that the difference in perfor-
mance between the LDFR and SDFR trials was different1033–1050 • April 2019
for the two groups, F(1, 42) = 4.19, p = .047, and between
trials, F(1, 42) = 4.17, p = .048, with a Group × Trial inter-
action, F(1, 42) = 5.73, p = .021. CI users improved between
SDFR and LDFR trials more than their NH peers, who
showed little change following the retention interval.
Recognition Memory
Performance on the CVLT-II yes/no recognition mem-
ory task was assessed by examining the number of hits (trials
on which the participants correctly identified a target item
from List A) and false alarms (trials on which the partici-
pants incorrectly identified a nontarget item foil as being
from List A). These observed scores were used to calculate
the discriminability index, d′, which measures the ability
of participants to discriminate the target words from
foils. The measure of d′ is comparable to a z score that
reflects the difference between the participants’ hit rate
and false-positive rate in standard deviation units (Egan,
1958; Green & Swets, 1966; Pollack, 1959). A larger d′ indi-
cates that the target words were easier for a participant to
discriminate from the distractors. Both the CI users and
their NH peers performed very well on recognition memory
(as shown in Table 3). There were no significant differ-
ences in total d′ between the CI users and NH controls on
the recognition memory test (3.42 for the NH controls, 3.25
for CI users; t = −0.727, p = .472).
Auditory Word Identification Task
On the final auditory word identification task that
was administered after the recognition memory task, the
CI and NH participants were near ceiling in performance.
Although NH controls achieved 100% accuracy on List A
and List B word identification, the CI users achieved 99.06%
(t = −1, p = .33) and 97.1% (t = −1.48, p = .15) accuracy
on both lists, respectively (see Table 3).
Serial Position Effects
Figure 3 displays the mean probability of free recall
across the five learning trials for the CI users and their NH
peers split across three serial positions based on item lo-
cation in the study list (i.e., percentage of items correctly
recalled from each serial position region). The first four
items in the study list by presentation order are represented
in the figure by the “primacy” subcomponent, the middle
eight items reflect “prerecency,” and the last four items
constitute the “recency” region. This three-way partition-
ing of subcomponents of the serial position curve corre-
sponds to Salthouse’s (1980) characterization of the average
size of these list regions and is consistent with the terminol-
ogy and analysis methods used in the CVLT-II manual.
The serial position effect in free recall is the finding that
participants tend to recall more items from the primacy
and recency regions of the serial position curve compared
to recall of items from the middle prerecency region (Glanzer
& Cunitz, 1966; Murdock, 1962; Postman & Phillips, 1965).Chandramouli et al.:List A Trial 1 is the only trial for which primacy and
recency recall can be measured without being influenced
by prior exposure to the study words from previous learn-
ing trials. A 2 (group: CI vs. NH) × 3 (serial position re-
gion: primacy vs. prerecency vs. recency) ANOVA on the
List A Trial 1 data showed significant main effects for
group, F(1, 126) = 0.015, and serial position region (primacy,
prerecency, recency), F(2, 126) < 0.001, but no significant
interaction was present between group and serial position
region, F(2, 126) = 0.176.
In order to examine changes in each serial position
region by study trial, we also conducted three separate 2
(group) × 5 (trial) ANOVAs, one for each serial position
subcomponent (primacy, prerecency, recency). For the pri-
macy region, there was only a significant main effect of
study trial, F(4, 168) = 27.6, p < .01. The main effect for
group and the interaction were not significant (see Figure 3,
left). For the prerecency region (see Figure 3, middle),
there were main effects for both study trial, F(4, 168) = 98.97,
p < .001, and group, F(1, 42) = 9.57, p < .01, although the
interaction between these two factors was not significant. Fi-
nally, for the recency region (see Figure 3, right), we ob-
served main effects of study trials, F(4, 168) = 17.58, p < .01,
and group, F(1, 42) = 8.8, p < .01, but no interaction. Hence,
differences in the number of words recalled by CI users com-
pared to their NH peers can be attributed to the failure to
recall items from prerecency and recency subcomponents,
not the primacy subcomponent, of the serial position curve.
The CVLT-II scoring program calculates the primacy
and recency measures using a slightly different formula
from the approach used here, taking the percentage of
total List A Study Trials 1–5 words recalled from each se-
rial position region of the list. By this analysis method, the
CI users have higher primacy scores and trend toward a
lower recency score than their NH peers (see Table 3). This
analysis also demonstrates that CI users recalled more of
their words from the primacy region of List A, which is
consistent with the ANOVAs reported above, showing that
the deficits in free recall on List A Trials 1–5 shown by
the CI sample relative to their NH peers are localized in
the prerecency and recency regions of the serial position
curve and not the primacy region of the curve.
Learning and Self-Generated Organizational
Strategies in Free Recall
Based on response output order and the sequence in
which participants recall words from memory, two primary
strategies for organizing recall can be inferred: (a) a serial
clustering strategy, in which the participant recalls words
in the same sequential/temporal order in which the words
were presented on the study list, and (b) a semantic cluster-
ing strategy, in which the participant recalls words based
on shared semantic categories (see Delis et al., 2000).
Semantic Clustering
The tendency to use self-generated organizational
strategies to form semantic clusters during each free recallMemory in Prelingually Deaf Adolescent and Adult CI Users 1041
Figure 3. Probability of free recall for primacy, prerecency, and recency regions of List A over five successive
repetition learning trials. CI = cochlear implant.trial of the CVLT-II can be quantified by using the chance-
adjusted semantic clustering index (Stricker, Brown,
Wixted, Baldo, & Delis, 2002) as described in Table 2.
The results for the chance-adjusted semantic clustering in-
dex for each of the five List A immediate free recall trials,
the SDFR, and the LDFR were calculated for both groups
of participants and are shown in the top panel of Figure 4.
Inspection of this figure reveals that the CI group showed
little, if any, evidence of using self-generated semantic cluster-
ing organizational strategies in their output responses across
the five study trials of List A. The semantic clustering scores
for the CI users were dramatically lower than the semantic
clustering scores obtained for the NH controls which in-
creased over successive study trials. A 2 × 7 mixed ANOVA,
with study trials as a within factor and group as a between
factor, revealed highly significant main effects for group,
F(1, 42) = 18.4, p < .001, and study trials, F(6, 252) = 9.90,
p < .001, and the interaction of Group × Study Trials,
F(6, 252) = 4.34, p < .001. The NH group showed strong
evidence of robust semantic clustering effects, whereas the
CI users showed no evidence of semantic clustering prior
to LDFR. It is important to note here that participants
were only provided with the semantic cues for retrieval for
the first time on the SDCR trial after the SDFR trial and
before the LDFR trial. Hence, CI users displayed above-
chance semantic clustering only after the semantic catego-
ries were explicitly provided to them on the SDCR trials.Serial Clustering
The use of a serial clustering strategy in free recall
suggests that the organizational cue for the participant is1042 Journal of Speech, Language, and Hearing Research • Vol. 62 •the serial position of items in the study list and their rela-
tive temporal positions with each other. As with semantic
clustering, serial clustering is computed by deriving an
observed score, a chance-expected score, and a chance-
adjusted score (Delis et al., 2000). The observed score is
calculated by awarding 1 point each time the participant
recalls two words in the same or opposite order as the
items were presented on the study list. The chance-expected
bidirectional serial clustering score is the number of ob-
served bidirectional clusters that would have been expected
by chance for the observed recall length. The difference
between the two forms is the chance-adjusted bidirectional
serial clustering score. The chance-adjusted bidirectional
serial clustering index for each free recall trial is shown in
the bottom panel of Figure 4 for CI and NH groups. A
2 × 7 mixed ANOVA showed a main effect of study trial,
F(1, 252) = 2.75, p = .013, and a main effect of group
that approached statistical significance, F(1, 42) = 3.84,
p = .057. The CI sample exhibited slightly more serial
clustering than the NH group.Recall Consistency
During each of the five learning trials of List A
(A1–A5), a given item from the study list may either be
recalled or not recalled by a participant. If a recalled word
tends to be successfully recalled again on the following
trials, this is said to reflect a “consistent recall” pattern.
The CVLT-II defines a simple measure of such response
consistency in free recall called recall consistency, as the
percentage of words recalled correctly on any of the List A1033–1050 • April 2019
Figure 4. Clustering measures. (a) Top: the chance-adjusted semantic clustering index for each free recall trial
on List A. (b) Bottom: chance-adjusted bidirectional serial clustering index for each free recall trial on List A.
CI = cochlear implant; SD-A = short delay free recall of List A; LD-A = long delay free recall of List A.Trials 2–5 that were also correctly recalled on the previous
trial. Using this measure of recall consistency, CI users
scored a mean of 80.7% and NH controls scored a mean
of 86.2% (t = −1.54, p = .132). We also analyzed response
consistency across the five List A study trials because of
the relevance of response consistency in free recall to encod-
ing and retrieval interactions, which is the topic of the next
section. Response consistency also provides information
about the underlying response dynamics in item recall in a
way that the total number of words recalled or the extent
of semantic clustering was not captured completely.
One way to visualize the response dynamics of suc-
cessive correct recalls or failures in item recall during the
CVLT-II learning trials is by plotting the sequence in which
words are recalled or not recalled. Figure 5 displays the
free recall patterns of participants in both groups over the
five List A learning trials in a manner similar to inputs to
multinomial processing tree models of free recall developed
by Riefer and Batchelder (1988). On any given learning
trial, there are two possible states of recall for an item from
the presented study list (List A): The item was either recalled
(represented by a “1”) or not recalled by the participant
(represented by a “0”). This means that, over the five learn-
ing trials of List A, there are 25 (32) possible ways that an
item can be recalled. These 32 possibilities are shown on
the abscissa of Figure 5 and denoted by the 32 unique 5-bit
binary strings, where each bit represents a successful recall
or failure to recall an item on a learning trial: Using this
classification system, a “00000” denotes that the item was
not recalled on any of the five learning trials; a “00111”
denotes that an item was not recalled on Trials 1 and 2 butChandramouli et al.:was correctly recalled on Trials 3, 4, and 5; a “11111” de-
notes that an item was recalled on every trial; and so on.
This recall consistency measure can be obtained for each
subject by expressing as a percentage, the ratio between the
number of consistently recalled pairs (the number of “11”s
embedded in these events) and the number of inconsis-
tently recalled pairs (the number of “10”s embedded in
these events).
The main reason for including Figure 5 here is that
it reveals several additional differences in the dynamics of
encoding and free recall in the CVLT-II for the two groups
of participants. First, we found that an item is more likely
to be in a state of never being recalled (event “00000”) for
CI users when compared to NH controls (t = 2.93, p = .007).
When we did an item analysis of the individual study words
on List A, we did not observe that any particular word or set
{of words accounted for this trend, suggesting that differ-
ent participants made different errors on different words.
The events “00000” were equally distributed across all
study items and likely reflect a failure in encoding an item.
Any item had a 7.5% probability of never being recalled
when it was recalled by the CI group, as opposed to 1.3%
chance of being recalled when it was recalled by the NH
group (t = 2.93, p = .007). We also observed that the events
where the first recall happened later in the list were more
common for CI users than for NH controls. For instance,
event 00011 is more likely for CI users (p = .021), whereas
events 11111 (p = .044) and 01111 (p = .13) were more likely
for their NH peers. This differential pattern of free recall
consistency suggests that CI users often required more study
trials before they could successfully recall items consistently.Memory in Prelingually Deaf Adolescent and Adult CI Users 1043
Figure 5. Recall consistency patterns for the five List A learning trials. CI = cochlear implant.Such results may reflect the inherent differences in early au-
ditory processing and registration or ease of sensory
encoding of the study items, which is the topic of the next
section.Encoding and Retrieval Interactions
One benefit of the different types of memory subtests
incorporated in the CVLT-II is that they allow inferences
to be made about “hidden” underlying variables, such as
the extent to which any failure to recall by the participant
is due to a failure in encoding and the extent to which
retrieval issues can be implicated as a possible cause of
forgetting in free recall on the CVLT-II. In this section,
we present results suggesting that retrieval processes may
also be an additional locus of differences in recall between
CI users and NH participants.
The first method we used to quantify encoding and
retrieval interactions was to compare performance on rec-
ognition memory with free recall. The CVLT-II provides a
way to quantify the recognition versus recall performance
dichotomy by comparing the z scores (based on CVLT-II
population norms) of LDFR (recall performance) with
the total d’ scores obtained from the yes/no recognition
memory test (recognition performance). Using this contrast
score, we found that CI users did not differ from NH con-
trols. Although the CI users performed better in recogni-
tion memory than in free recall compared to NH controls,
these differences were not statistically significant (p = .47),
which is consistent with the finding of no differences between1044 Journal of Speech, Language, and Hearing Research • Vol. 62 •the groups on either the LDFR trial or the recognition trial
(see Table 3).
However, CI users may have benefitted on the LDFR
trial from being explicitly exposed to the semantic categories
on the earlier SDCR trial; evidence for the effects of retrieval
cues can be found in the increase in semantic clustering
strategies in the CI sample on the LDFR trial relative to
the SDCR or earlier List A free recall trials (see Figure 4).
Because we found equivalent performance by CI and NH
on recognition memory and auditory accuracy but also
found significant differences in almost all of the free recall
measures, we looked further into other indicators of retrieval
differences between the two groups of subjects. These addi-
tional measures were suggested by Wilde, Boake, and Sherer
(1995) in their study on retrieval deficits in patients with
brain damage. One indicator of potential retrieval issues in
CI users is that, compared to their NH peers, the CI group
disproportionately benefitted on the LDFR and SDCR tri-
als after exposure to semantic cues on the SDCR trials,
which helped them recover any words that they had suc-
cessfully encoded but did not retrieve.
Considering all three of these trends related to encod-
ing retrieval interactions together, we found that CI users,
on average, performed worse than their NH peers, suggest-
ing that there may also be subtle retrieval deficits in recall
of spoken words in prelingually deaf CI users in addition
to problems in encoding and sensory registration of the
study items. However, the marginal p values obtained in
the analyses suggest that these differences should be ex-
amined further with other tests that are more sensitive to1033–1050 • April 2019
encoding/retrieval deficits. A larger sample size would
also be able to provide more statistical power and possi-
bly reveal more robust differences that are present in the
results but are only trending toward conventional levels
of significance.
Correlations of CVLT-II Scores and Measures
of Sentence Recognition
A second goal of our study was to evaluate the ex-
tent to which performance on the CVLT-II was associated
with speech recognition scores, using correlational analyses
to examine the relationship between CVLT-II scores and
sentence recognition (Harvard-S, Harvard-A, PRESTO,
and PRESTO-FAE) scores (see Table 4). List B free recall
in the CI sample was significantly associated with perfor-
mance on the three of the four sentence recognition mea-
sures. For the NH sample, only LDCR and recognitionTable 4. California Verbal Learning Test–Second Edition (CV
words correct scores.
CVLT measures Group Harvard-S
List A Trial 1a CI .041
NH .055
List A Trial 5a CI .318
NH .236
List A Trials 1–5a CI .226
NH .034
List B free recalla CI .523*
NH .222
List A short-delay free recalla CI −.009
NH −.033
List A short-delay cued recall CI .278
NH −.057
List A long-delay free recalla CI .03
NH −.001
List A long-delay cued recalla CI .243
NH .113
List A recognition (Total d′) CI .102
NH .111
Primacy, List A (Trials 1–5) CI −.334
NH −.092
Recency, List A (Trials 1–5) CI .125
NH .078
Semantic cluster ratiob CI .362
NH .052
Serial cluster ratiob CI −.288
NH .292
List A discriminability (d′) CI .1
NH .117
List A recall consistency CI .086
NH −.007
Note. Values are Pearson correlation coefficients. Top row
correlations are for the NH sample. Harvard-S = Harvard Stan
Sentences Test; PRESTO = Perceptually Robust English Sen
Foreign-Accented English; CI = cochlear implant; NH = norm
aRaw scores, based on the number of items recalled. bDiffer
adjusted) clustering index based on contiguous recall cluste
word in the list.
*p < .05.
Chandramouli et al.:were associated with PRESTO-FAE. However, because of
limited sample sizes, some associations of medium or
larger effect size approached but did not reach statistical
significance, such as the moderately sized correlations be-
tween semantic clustering and sentence recognition in the
CI sample (see Table 4).Discussion
In this study, we used the CVLT-II administered in its
conventional live voice clinical format to investigate differ-
ences in verbal learning and memory between early-implanted,
prelingually deaf, long-term, adolescent and adult CI users
and a group of NH controls and to assess associations be-
tween verbal learning and memory and speech recognition
abilities. Development of verbal learning and memory skills
































correlations are for the CI sample; second row
dard Sentences Test; Harvard-A = Harvard Anomalous
tence Test Open-Set; PRESTO-FAE = PRESTO–
al hearing.
ence between of observed and expected (chance-
ring of shared semantic category or serial position of
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research attention in this clinical population even though
verbal learning and memory are core foundational compo-
nents of spoken language processing operations in daily
life. Our findings using the CVLT-II provide several new
insights into the locus and nature of information-process-
ing differences in verbal learning and memory between the
two groups of participants.
We began this report by considering several reasons
to anticipate differences in verbal learning and memory
between CI users and NH controls. Previous research sug-
gested important contributions of downstream cognitive
processing (i.e., information processing following initial
perception and encoding) as one of the factors underlying
the enormous variability and individual differences ob-
served in speech and language outcomes after implantation.
However, except for a few exceptions (Heydebrand et al.,
2007; Holden et al., 2013; Pisoni et al., 2018), almost all
previous studies of verbal memory in this clinical popula-
tion have been primarily focused on short-term and work-
ing memory using rote memory span measures. Other core
aspects of memory such as verbal learning, self-generated
organizational strategies, encoding and retrieval interac-
tions, and measures of retention in long-term memory have
not been studied by researchers working with this clinical
population.
In this study, we compared long-term prelingually
deaf CI users with NH controls who were comparable in
age and nonverbal IQ. Our sample of CI users differs from
the earlier samples studied by Heydebrand et al. (2007),
Holden et al. (2013), and Pisoni et al. (2018), which con-
sisted of postlingually deaf adult CI users who had an early
period of typical development when they had sufficient
hearing to acquire spoken language normally. In addition,
Heydebrand et al. and Holden et al. used a global aggre-
gate measure of verbal memory derived from the CVLT-II,
whereas the current study focused on specific CVLT-II
measures in order to understand the differential contribu-
tions of specific component subprocesses of verbal learning
and memory.
The current study yielded several important novel
findings about verbal learning and memory skills in pre-
lingually deaf, early-implanted, adolescent and young adult
long-term CI users. First, CI users recalled fewer words
than their NH peers on all immediate memory and short-
term free recall trials (List A Trials 1–5, List B, and SDFR
and SDCR). Second, across these trials, CI users, unlike
their NH peers, did not use self-generated semantic cluster-
ing as an organization strategy. CI users and their NH peers
performed equally well on LDFR and recognition memory
trials, which followed the explicit cuing of semantic catego-
ries in the SDCR trial. Third, contrast measure of recog-
nition memory with the measures of free recall (with the
notable exception of LDFR) and the reduced consistency
in recall suggests that retrieval differences may also exist
in the CI group compared to the NH group even though
long-term storage differences were minimal. Specifically,
the recognition task places very little demand on retrieval
because the word is presented to the subject for evaluation1046 Journal of Speech, Language, and Hearing Research • Vol. 62 •(whether or not it was on the target list); in contrast, the
recognition task emphasizes storage, because the primary
challenge in recognition is indicating whether a word pre-
sented by the examiner is on the target list. On the other
hand, free recall and (to a lesser extent) cued recall tasks
place larger demands on retrieval processes because the
subject must recover the word from memory without the
word being presented by the examiner. Hence, CI users
showed no difference from their NH peers on the recognition
task that emphasized storage but displayed greater differ-
ences from their NH peers on the recall tasks that required
retrieval processes without the presentation of explicit
retrieval cues.
CI users also showed little evidence of using self-
generated semantic organizational strategies in their recall
of words on free recall trials compared to their NH peers,
and they did not differ from chance levels in spontaneous
use of semantic strategies to facilitate free recall. In con-
trast, the NH controls showed much more robust semantic
clustering in their output responses beginning on List A
Trial 2 after only one exposure to the words on the study
list. This novel finding indicates that the storage of spoken
words in memory by the CI users may be less efficient
and more poorly organized because they did not use more
efficient semantic organization strategies to promote both
encoding and storage of test items used on the CVLT-II.
Use of semantic organizational strategies in free recall tasks
not only requires attention to the study items on the CVLT-II
but also requires engagement of active, effortful mental
resources and processing operations to simultaneously
process both the words and their semantic attributes, ac-
tively extracting semantic categories from the 16 presented
words. The processing demands of the basic free recall
memory task used in the CVLT-II may be more taxing for
CI users because they may not have sufficient additional
processing resources available to engage in the simultaneous
processing of semantic organization. This finding is consis-
tent with prior research that has shown that prelingually
deaf, long-term CI users are at a significant risk for delays
in executive functions that could be used to support active
effortful processing of multiple tasks during language
processing (Kronenberger, Beer, Castellanos, Pisoni, &
Miyamoto, 2014); hence, EF delays could explain the ab-
sence of self-generated semantic organizational strategies
during verbal learning and memory by the CI group. In
addition, other converging evidence suggests that the orga-
nization of spoken words in the mental lexicon of CI users
is less efficient (Kirk, Pisoni, & Osberger, 1995; Luce &
Pisoni, 1998), which may reduce the ability of CI users to
automatically make use of semantic organization strategies
during verbal learning and memory. In contrast, NH con-
trols in this study showed extensive use of self-generated
organizational strategies and increasing reliance on se-
mantic clustering over the five successive learning trials
of List A.
Because CI users made very little use of semantic or-
ganization strategies during free recall, they did not take
optimal advantage of one of the most efficient methods for1033–1050 • April 2019
retrieving words from memory storage (Tulving, 1962, 1972).
This process may also explain their poor performance on
words recalled on all free recall trials, except the LDFR
trial. Interestingly, CI users were able to make use of seman-
tic organization strategies at greater than chance levels, but
this pattern only occurred for the LDFR trial. This was
the only free recall trial on the CVLT-II protocol that they
did not differ significantly from their NH peers and was
also the only free recall trial on the CVLT-II that followed
an explicit declaration of the semantic categories by the
examiner (on the SDCR trial).
In addition to differences in semantic clustering, the
CI and NH groups showed large and consistent differences
in primacy and recency effects in recall of studied items
during verbal learning. The CI group showed poorer free
recall from the recency and prerecency regions of the list, but
no differences from their NH peers in recall of items from
the primacy region. In current theories of memory, recall
of items from the primacy region is attributed to multiple
rehearsals that items in the initial positions of the study lists
receive and are considered to be recalled from long-term
memory (Atkinson & Shiffrin, 1968; Murdock, 1962; Rundus
& Atkinson, 1970). On the other hand, recall of items from
the recency region is said to be due to “dumping” from
short-term memory, reflecting of short-term memory capac-
ity limitation (Shiffrin & Atkinson, 1969). This interpretation
is consistent with several earlier studies suggesting that CI
users have deficits in short-term and working memory ca-
pacity (Burkholder & Pisoni, 2004; Kronenberger, Pisoni,
Henning, Colson, & Hazzard, 2011; Pisoni & Cleary, 2004).
Another significant finding of this study was the dif-
ference in performance on recall of List B items between
CI users and their NH peers. As with the other free recall
trials, CI users recalled fewer words than their NH peers
on List B. However, a closer inspection of List B free recall
relative to List A Trial 1 free recall showed that the typical
buildup of PI (for items from shared semantic categories)
versus release from PI (for items from nonshared categories)
profile was present only in the NH sample. In contrast, the
CI users showed approximately equivalent levels of perfor-
mance for both shared and nonshared semantic category
words on List B compared to List A Trial 1. One explana-
tion for this difference may be the lack of automatic self-
generated semantic organization strategies in word encoding
and storage in the CI sample. If semantic categories were
minimally used by the CI sample, then semantic organiza-
tion strategies would be less likely to affect PI or show evi-
dence of release from PI on the nonshared trials of List B.
The findings from this study also showed more in-
consistent recall patterns for repeatedly presented words
for the CI sample compared to the NH sample. Inconsis-
tency in recall suggests a failure to consistently use effective
organization strategies across study trials as well as the
failure to engage consistent, active, effortful attention-
demanding processes in order to encode and store the same
words across trials. In NH populations, verbal learning is
a cumulative process that results in greater consistency of
information stored over repeated exposures to the same setChandramouli et al.:of words. The failure of CI users to show the same degree
of consistency in verbal learning may ultimately impact the
efficiency of their speech recognition skills and their strate-
gies for learning and processing spoken language in other
information-processing tasks that measure retrieval fluency
and comprehension.
A final important set of findings from this study is
related to the associations found between several CVLT-II
scores and performance on measures of sentence recognition
based on key words correct. The sentence recognition mea-
sures used in this study were specifically designed to provide
a robust assessment of critical speech perception skills under
demanding conditions that are ecologically valid for real-
world functioning, including recognition of sentences pro-
duced by multiple talkers with different foreign/nonnative
accents and regional dialects and access to different amounts
of top-down contextual information. Consistent relationships
between CVLT-II scores and sentence recognition scores
were found for List B free recall in the CI sample. In addi-
tion, correlations between semantic clustering and sentence
recognition in the CI sample were large but did not reach
significance because of limited power. In contrast, List B
and semantic cluster ratio were unrelated to sentence recog-
nition scores in the NH sample possibly because of ceiling
effects and restricted variance in speech recognition scores.
Importantly, List B reflects verbal memory under challeng-
ing conditions of PI, and performance on List B has been
found to be one of the best predictors of speech recognition
in postlingually implanted adult CI users (Pisoni et al., 2018).
Although the causal direction of this association cannot be
definitively identified at this time due to the correlational
nature of results, this particular finding suggests that verbal
memory performance that is taxed by PI may be specifically
associated with speech recognition outcomes in CI users.
This suggests that CI users with poorer speech perception
skills may have more poorly specified phonological and lexi-
cal representations of spoken words in long-term memory,
rendering them more vulnerable to difficulty with verbal
learning and memory when PI is present from previ-
ously presented verbal materials (Pisoni, Kronenberger,
Chandramouli, & Conway, 2016).
The findings obtained in this study have several im-
portant clinical implications. First, delays in verbal learning
and memory of CI users should be a target of clinical evalu-
ation because of the importance and centrality of verbal
learning and memory in language processing tasks and the
suggestion from the present results that verbal learning
and memory may be a core foundational domain of infor-
mation processing that is at risk for delay in CI users. The
finding of an absence of self-generated semantic organiza-
tion skills in this study indicates that mnemonic processing
strategies such as cuing, recognition, and explicit instruc-
tion in the active use of semantic learning strategies may
promote better verbal learning and memory in CI users
who are at risk for delays and therefore may produce more
robust downstream effects on speech recognition and spo-
ken language comprehension. Finally, relationships be-
tween verbal learning and memory and sentence recognitionMemory in Prelingually Deaf Adolescent and Adult CI Users 1047
should be a target of evaluation and personalized interven-
tions for low-functioning CI users who display poor out-
comes after several years of CI use (Moberly, Bates, Harris,
& Pisoni, 2016).
Limitations of This Study
Although this study examined several different as-
pects of verbal learning and memory in this unique clinical
population of early-implanted, prelingually deaf adolescents
and adults, the study is limited by the amount of data
that can be gathered during a short clinical test, such as
the CVLT-II, and the relatively small sample sizes. Thus,
study results (especially those investigating relations between
speech recognition and verbal learning and memory) should
be considered to be preliminary and in need of replication.
On the other hand, the present results provide new evi-
dence of significant delays and disturbances in verbal learning
and memory in CI users as well as differences in the underly-
ing mnemonic processes (e.g., semantic clustering) that may
underlie those delays and may be related to other elementary
information-processing operations involving spoken language
understanding outside the laboratory and audiology clinic.
In this study, we used the standard clinical presenta-
tion of the CVLT-II, which involves live voice presentation
using spoken language. Although the use of auditory pre-
sentation of the CVLT-II items places demands on speech
perception and may explain some of the challenges that CI
users experienced with the CVLT-II task, with multiple
repetitions of the list, one would expect that improved fa-
miliarity would reduce cognitive demand on basic compo-
nents such as speech perception. Consistent with this, our
CI sample did show robust repetition learning effects. In
addition, the CI and NH samples did not differ on several
key measures of CVLT words recalled (such as the number
of words recalled from the primacy portion of the list as
well as LDFR and long-delay recognition memory), indicat-
ing that a global effect of speech perception and audibility
did not affect results. Furthermore, many of the CVLT-II
process measures are not dependent on the volume of
words recalled and therefore would not reflect speech per-
ception deficits alone.
We did not use any corrections for multiple statisti-
cal tests as a result of the small sample size and because of
the novel and exploratory nature of this research. In addi-
tion, the correlations obtained for the verbal learning and
memory measures and sentence recognition scores for the
NH sample may have been affected by ceiling effects in the
NH group (although by using a set of challenging percep-
tually robust sentence recognition tests, this effect was
minimized). Furthermore, we found only four significant
correlations out of multiple correlations calculated between
verbal learning and memory measures and sentence rec-
ognition scores (see Table 4), which could have been a re-
sult of Type 1 errors. Therefore, our correlational analyses
should be regarded with caution pending direct replica-
tion with larger samples and conceptual replication using
different methods.1048 Journal of Speech, Language, and Hearing Research • Vol. 62 •Because we did not want to change the CVLT-II task
protocol from the way it is routinely clinically administered,
we used the conventional live voice presentation format.
However, elementary modality-specific auditory and early
sensory encoding factors could have influenced the present
results. We attempted to address questions about audibility
and early sensory encoding of the test words and the accu-
racy of auditory perception by having subjects identify
all of the test words from List A and List B following the
CVLT-II administration. Results showed that, on this met-
ric, both groups performed extremely well: NH controls
identified 100% of the items, whereas CI users identified
98.13% of the presented words (see Table 3 for List A and
List B accuracy on this test). Nevertheless, encoding, stor-
age, and processing the auditory test signals likely taxed
the effortful cognitive processing resources of the CI group
of participants, and results using visual presentation of
the test words might have been different. We are currently
using a visual presentation format of the CVLT-II to ad-
dress this question in older postlingually deaf adults with
CIs (Pisoni et al., 2018). In addition, the samples varied in
age from adolescent to young adult, and age or CI cohort
factors (e.g., quality of the CI at time of implantation)
could have influenced results. It should be noted that these
study results may not apply to postlingually deaf CI users
or to a group of younger cohorts.Summary and Conclusions
In this study, we investigated verbal learning and
memory in prelingually deaf, early-implanted adolescent
and young adult long-term CI users using the CVLT-II, a
well-established, normed clinical neuropsychological test
designed to assess verbal learning and memory. CI users
recalled fewer words than their NH peers during free recall
trials, did not consistently use self-generated semantic
clustering strategies, and demonstrated atypical PI effects.
On the other hand, CI users performed at the same level of
their NH peers on cued recall and recognition memory
trials, and their List B free recall scores were correlated
with sentence recognition scores. Study results such as
these have important clinical implications for the evalua-
tion, accommodations, and training of verbal learning and
memory in CI users who show poor outcomes after im-
plantation. In addition, the knowledge of results for differ-
ent types of CI populations on a test of verbal learning
and memory, such as the CVLT-II, can be useful in under-
standing fundamental differences in cognition and infor-
mation processing that are brought about by different
types of developmental trajectories and etiologies of hear-
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